Study Objectives: This is the first study to compare reflux events during wake and sleep in obese and non-obese individuals with obstructive sleep apnea (OSA) and obese individuals without OSA. The primary aim of the study was to investigate any additive effect of OSA on gastroesophageal reflux (GER) above that of obesity. Methods: Twenty obese individuals (body mass index, BMI > 30 kg/m 2 ), 9 non-obese individuals (BMI < 30 kg/m 2 ) with moderate-to-severe OSA, and 17 obese control subjects (BMI > 30 kg/m 2 ) underwent high-resolution esophageal manometry, 24-h esophageal pH-impedance monitoring, and in-laboratory polysomnography. Results: Mean body mass index was 40 ± 6 and 27 ± 4 kg/m 2 for the obese and non-obese OSA groups, respectively, and 34 ± 5 kg/m 2 for the obese control group. Apnea-hypopnea index (AHI) was 50 ± 30 and 30 ± 25 per hour for the obese and non-obese OSA groups (p > 0.05), significantly higher than that of the obese control group (3 ± 3 per hour, p < 0.05). The two obese groups did not show any significant differences in the total number of acidic reflux events (41 ± 20 vs 28 ± 16); however, the obese OSA group had a greater number of acidic reflux events compared to the non-obese OSA group (22 ± 12 events, p < 0.05). In multivariate analysis, BMI significantly predicted number of acidic reflux events (r 2 = 0.16, p = 0.01) during the 24-h period; however, AHI showed no significant association with any measure of GER severity. Conclusions: This study confirms an important role for obesity, rather than OSA per se in the relationship between OSA and GER.
I NTRO DUCTI O N
Obstructive sleep apnea (OSA) is characterized by repetitive narrowing or collapse of the upper airway during sleep with the development of large negative intrathoracic pressures. Gastroesophageal reflux (GER) is a common condition where there is retrograde flow of stomach contents into the esophagus, characterized by symptoms such as heartburn and acid regurgitation. 1 Gastroesophageal reflux appears to be a particular problem for patients with OSA, as they exhibit an increase in GER symptoms and events during waking and sleep compared to individuals without OSA. [2] [3] [4] [5] [6] [7] [8] The precise mechanism underlying the increase in nocturnal GER in OSA patients remains unclear. Previous hypotheses, including the specific development of negative intrathoracic pressures generated during obstructive events, have not been substantiated by recent studies. Kuribayashi et al. 9, 10 and Shepherd et al. 11 have shown that the barrier provided by the lower esophageal sphincter (LES) is actually stronger during obstructed breathing events, particularly during inspiratory efforts against an obstructed airway. Additionally, it is unlikely that individual obstructed breathing events or the associated arousals are precipitating individual reflux events as the number of breathing events and arousals overnight in an individual with OSA far outweighs the number of sleep-related reflux events. Furthermore, while several studies have found reflux
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Airway Obstruction or Obesity? events in temporal association with an obstructed airway, this relationship is weak at best. 4, 7, 12 The role of obesity in the link between OSA and GER remains unclear. Obesity is a risk factor common to both OSA and GER and therefore represents a potential mechanism for the link between the two conditions. Ing et al., 7 however, showed that in a group of 41 control subjects and 63 OSA subjects (matched for age, BMI, FEV 1 , and alcohol consumption) that individuals with OSA had a great number of acidic reflux events and spent more time at a pH below 4, suggesting a role for OSA independent of obesity. Further supporting this finding, are several studies, 8, 13, 14 which also show an effect of OSA on GER independent of BMI. Shepherd et al. 8 in a population based study showed that independent of BMI, OSA increases the risk of nighttime GER symptoms by 3 times (in the case of severe OSA). In contrast, there are several studies which suggest that OSA had no effect on GER symptoms and that the relationship is a result of the obesity shared by both conditions.
4,15-17
BRIEF SUMMARY
Current Knowledge/Study Rationale: This study compares reflux events during wake and sleep in obese patients with and without OSA and lean individuals with OSA. Study Impact: This study confirms an important role for obesity, rather than OSA per se in the relationship between OSA and GER. This is the first study to compare frequency of reflux events during wake and sleep, as well as lower esophageal sphincter motility and esophageal function in obese patients with and without OSA and non-obese individuals with OSA. The primary aim of the study was to investigate any additive effect of OSA on GER above that of obesity.
M ETHO DS
Subjects
Three groups of subjects were studied: a group of non-obese individuals with moderate-to-severe OSA; a group of obese individuals with moderate-to-severe OSA; and a group of obese individuals without OSA (obese controls). These patients had been identified from our sleep clinic population or had responded to advertisements in local media. Participants were 18 to 70 years of age and were excluded if they were currently taking over-the-counter or prescription medications for GER that they were not willing to stop during the study; if they had any chronic medical condition, gastrointestinal conditions which might affect esophageal function or acid secretion, or previous surgery to the stomach and/or esophagus.
Protocol
The study was approved by Schulman Institutional Review Board and written informed consent was obtained from each patient prior to participation.
All patients attended our gastroesophageal testing laboratory for esophageal motility testing as well as 24-h pH/impedance monitoring and in-laboratory polysomnography (PSG). Initially, all subjects underwent PSG for screening purposes to rule out sleep disorders other than OSA and to confirm the presence and severity of OSA. The apnea-hypopnea index (AHI, number of apneas and hypopneas per hour of sleep) was used to stratify participants into two groups: those without OSA (AHI < 5 events/h) and those with moderate-to-severe OSA (AHI > 15 events/h).
Patients attended the gastroesophageal motility laboratory at Lynn Health Science Institute in the early morning and underwent esophageal motility testing and insertion of the 24-h pH/impedance catheter. They returned that evening where they were fed a standardized meal consisting of soup, a sandwich, chips, and a cookie. They then underwent PSG with simultaneous pH/impedance monitoring.
Subjects were required to cease any proton-pump inhibitors (PPIs) 5 days prior to the study, H 2 -receptor antagonists for 48 h prior to the study, and antacids or caffeinated, acidic, and high-fat foods and drinks for 24 h prior to the study. Each subject was required to fast for a minimum of 6 h prior to the study.
Polysomnography
Overnight PSG was conducted according to the American Academy of Sleep Medicine recommendations. These data were collected on a computerized data acquisition system (Grass Aurora polysomnography systems; Grass Telefactor, West Warwick, RI).
Categorization of sleep stage and respiratory events were performed according to standard criteria. Severity of sleep disordered breathing was defined by the AHI. 19 Additional detail regarding sleep parameters is provided in the supplemental material.
The PSG was used to divide the study time into the sleep period and the wake period. Sleep period was defined as the time between sleep onset and waking in the morning. The wake period incorporates the remainder of the 24-h period.
Subjects were required to cease using any existing therapies for OSA for 48 hours prior to the study.
24-Hour pH/Impedance Testing
pH/impedance monitoring was performed using a pH/impedance catheter (O.D. 2.3 mm, Comfortec Z/pH catheters, Sandhill Scientific, Highlands Ranch, CO). Recordings were analyzed using the Bioview Analysis Software (Sandhill Scientific, Highlands Ranch, CO, USA), and automatic analyses were adjusted manually where required.
The pH sensor was used to determine percent acid clearance time (percentage of recording time with pH < 4). The impedance sensors were used in combination with the pH sensor to determine longest reflux event, acid time, non-acid time, and number of distal and proximal reflux events (acid, non-acid). These parameters were determined for the 24-h recording period as well as the wake and sleep periods. Additional detail regarding pH/impedance testing is available in the supplemental material.
Esophageal Motility Testing
Motility studies were conducted using a solid state high resolution manometry impedance catheter (O.D. 4.0 mm) (Sandhill Scientific InSIGHT, Highlands Ranch, CO, USA).
An electronic sleeve was applied on the LES, enabling accurate monitoring of the high pressure within the LES while accounting for sphincter movement during respiration and swallowing (details in supplemental material). 18 Manometric recordings were analyzed using the Bioview Analysis Software (Sandhill Scientific, Highlands Ranch, CO, USA), and the automatic analyses were adjusted manually where necessary.
LES pressure, LES length (total and intra-abdominal), nadir LES pressure during LES relaxation and duration of LES relaxation, esophageal peristaltic amplitude and velocity, and percent complete bolus transit were assessed. Additional detail regarding esophageal motility testing is available in the supplemental material.
Questionnaires
The Gastroesophageal Reflux Questionnaire (GERQ) was used to define frequency of daytime and nighttime symptoms of GER. 20, 21 GER symptoms were classified as follows: heartburn or acid regurgitation experienced at least once in the last 12 months was defined as any GER and, if experienced at least once a week, was defined as frequent GER. 20, 22 The term GER symptoms refers to symptoms experienced at any time during the day or night, while nighttime GER (nGER) symptoms specifically refers to symptoms which woke the patient from sleep.
Participants also completed the Pittsburgh Sleep Quality Index (PSQI), the Carlsson Gastroesophageal Reflux Disease questionnaire, and the Epworth Sleepiness Scale (ESS) (details in the supplemental material).
Statistical Analyses
Results are presented as mean ± standard deviation. Statistical analyses were performed using SigmaStat (SysStat Software Inc., San Jose, USA). ANOVA was used to compare pH, sleep, and manometric variables between groups. When data were not normally distributed, ANOVA on ranks was performed. Proportions of each group reporting GER symptoms or medications were compared using χ 2 tests or Fisher exact tests. Linear regression analyses were performed on the entire study population to determine the association between obesity and/or OSA severity and reflux severity. Reflux variables were examined for independent association with AHI or BMI only if they exhibited evidence of a univariate association (p < 0.1). Age and gender were also entered into any multivariate analyses because of reported associations with GER. Colinearity diagnostics were performed on all variables prior to entry in any multivariate model. A p value < 0.05 was considered significant for all tests.
R ESU LT S Group Characteristics
Results are presented in Table 1 . Nineteen obese individuals without OSA; 10 non-obese individuals with moderate-severe OSA; and 25 obese individuals with moderate-severe OSA and were entered into the study. Two of the obese control group; 5 of the obese OSA group and 1 of the non-obese OSA group withdrew during the motility visit; therefore data were available in: 17 obese individuals (BMI 34 ± 5 kg/m 2 ) without OSA; 20 individuals who were obese (BMI 40 ± 6 kg/m 2 ) with moderate to severe OSA; and 9 individuals who were not obese (BMI 27 ± 4 kg/m 2 ) with moderate to severe OSA ( Table 1) . pH data were only available on 8 of 9 of the non-obese OSA group due to equipment failure in one individual.
There were significantly more males in the obese OSA group than either the obese control or non-obese OSA groups. Mean age was not statistically different between groups. BMI was significantly greater in the obese OSA group compared to either the obese control or non-obese OSA groups, and the obese control group was significantly greater than the non-obese OSA group. AHI was not different between the non-obese and obese OSA groups. The AHI in the obese control group was well within normal limits (< 5 events/h) and significantly lower than either of the OSA groups. The proportion of each group who were taking prescription medication for GER symptoms (i.e. PPIs or H 2 antagonists) was similar between groups. The proportion of each group reporting GER or nGER symptoms was also similar ( Table 1) .
ESS and PSQI scores were similar between groups, as were total sleep time, sleep efficiency, wake time after sleep onset, and sleep onset latency ( Table 2) . Arousal index was significantly higher in both the obese and non-obese OSA groups than the obese control group. Stage N1 sleep was higher in the obese OSA group than the obese control groups.
pH/Impedance Monitoring
24-H Recording Period
Number of acidic reflux events over the entire recording period was significantly greater in the obese OSA group than the nonobese OSA group (Table 3) . However, there was no significant difference between the 2 obese groups. The acid exposure time was not significantly different among the groups.
There was a significant main effect between groups for longest reflux event (p = 0.04), with the obese OSA group having a longer event than the obese control group. There were no differences between non-acid episodes between groups and no differences in number of proximal episodes between groups ( Table 3) .
Wake Period
During the wake period, the number of acidic reflux events was significantly different between groups ( Table 4) . The obese OSA group had significantly more events than both the non-obese OSA group and the obese control group. There was no significant difference between the non-obese OSA and the obese control group. The number of proximal acidic events was also different between groups, with the obese OSA group having significantly more events than the obese control group ( Table 4) .
There was a significant difference between groups with regards to longest reflux event (p = 0.02). Post hoc testing showed that the obese OSA group had a significantly longer event than the obese control group. There was a trend for increasing length of longest event across the 3 groups with the obese control group having the shortest events and the obese OSA group having the longest. There was a significant main effect for acid exposure time, with the obese OSA group having significantly greater acid exposure than the obese control group.
Sleep Period
Although there were no statistically significant differences between groups for the sleep period, some observations on the raw data are helpful (Table 5) . First, the number of sleep related events is comparatively small with substantial variability especially in the 2 obese groups. However, it should be noted that the non-obese OSA group has only an average of slightly more than one episode noted during the sleeping interval. Both obese groups have approximately 4 times this number of events during the sleeping interval, albeit still relatively few in number. Thus, even though it is very difficult to obtain statistical significance under these circumstances, these observations are useful in the overall interpretation of these data. Furthermore, in all the data presented a similar pattern emerges which is that the non-obese OSA group has the fewest number of reflux events, and this is statistically significant in the overall and wake data when compared to the obese OSA group.
Esophageal/LES Motility
Lower Esophageal Sphincter
The mean LES pressure was not significantly different among the study groups (Table 6 ). However, 10 of the obese control group (59%), 4 of the obese OSA group (40%), and 2 of the non-obese OSA group (25%) had a resting LES pressure which would be classified as low (i.e., < 10 mm Hg). LES length and intra-abdominal LES length were significantly different (p = 0.02 and p = 0.04, respectively). Post hoc testing revealed that both LES length and intra-abdominal length were significantly greater in the obese OSA than the obese control group.
Esophageal Function
No individual in any group was classified as having ineffective esophageal motility. Proximal esophageal peristaltic amplitude with both liquid and viscous swallows was significantly different between groups, being lower in the obese OSA group than the obese control group. There were no differences in the percentage of swallows associated with complete bolus transit for either liquid or viscous swallows between groups.
Univariate and Multivariate Associations between OSA, BMI, and GER
Individuals from all 3 groups were considered together for linear regression analyses (n = 45). Due to the relatively low proportion of non-acid events, acid and non-acid events were considered together. Results from univariate linear regression analysis are available in the supplemental material.
When gender, age, BMI, and AHI were entered into the multivariate model, BMI was significantly associated with number of distal events in the wake period and over the total recording period (r 2 = 0.14, p = 0.01 and r 2 = 0.16, p = 0.01, respectively). AHI was not significantly associated with any reflux variable.
DISCUSSI ON
This study investigated the roles of obesity and upper airway obstruction in the occurrence of GER in individuals with OSA. This was accomplished by objectively assessing GER and measures of esophageal function in obese controls without OSA and in order to assess the role of OSA per se we evaluated these measures in obese and non-obese individuals with moderate to severe OSA. The main findings of this study were: (1) the obese OSA group had more reflux episodes over the 24-h study period than the non-obese OSA group; (2) the two obese groups did not show any significant differences in the total number of reflux events; (3) the obese OSA group had significantly more reflux episodes throughout the day than either the obese control group or the non-obese OSA group; (4) during sleep, the number of reflux events in the obese control group and the obese OSA group was identical and both were numerically (although not statistically significant) almost four times greater than the non-obese controls; and (5) BMI was significantly associated with measures of GER severity. These data support to the notion that obesity, compared to upper airway obstruction alone, plays a more important role in the pathogenesis of GER in patients with OSA.
The present study demonstrated a greater number of acidic reflux events over the total recording time in the obese OSA group compared to the non-obese OSA group. The obese control group was not significantly different from the obese OSA group. During the wake period, the obese OSA group had significantly more acidic reflux events than either the obese control or non-obese OSA groups. Although this result does not support the obesity hypothesis, we feel this can be explained by the substantially greater BMI in the obese OSA and its likely greater effect on reflux events during the day. In spite of the lack of statistical significance of the sleep data, a more careful examination of the numerical data is instructive. It can be seen in Table 5 that the number of reflux events during the sleeping interval is virtually identical for both of the obese groups and nearly 4 times greater than the non-obese OSA control group. It is likely that this result weighed heavily in the multivariate result showing a significant relationship between BMI and GER severity. These argue in favor of obesity as opposed to airway obstruction per se, as the prevailing factor in the pathogenesis of GER in patients with OSA.
To our knowledge, this is the first study to compare obese individuals without OSA to obese and non-obese OSA patients with regard to the frequency of GER, which precludes a comparison to earlier work. However previous studies comparing GER in individuals with OSA to normal controls have suggested that individuals with OSA have more reflux symptoms as well as a greater number of reflux events than those without OSA. 7, 8, [23] [24] [25] There have now been several investigations into the mechanism underlying this reported increase in GER in OSA patients; however, the factors which create risk for reflux remain unclear. Our data use critical control groups such as an obese group without OSA as well as a non-obese group with OSA to assess and compare to role of OSA and obesity in creating risk for GER.
Studies by Shepherd et al. and Kurybayashi et al. have negated the suggestion that negative intrathoracic pressure causes acid to move into the esophagus.
10,11 While some studies suggest a temporal relationship between obstructed breathing events and sleep reflux events, 4, 12 previous studies have not demonstrated a consistent association. In addition, the number of obstructed breathing events far outweighs the number of sleep reflux events; therefore, there is a high likelihood that these two phenomena may occur by chance.
In an epidemiological study, Shepherd et al. showed that in the general population, individuals at high risk of OSA were twice as likely to suffer frequent GER symptoms during sleep than those at low risk; furthermore, individuals with polysomnographically defined severe OSA were more than three times as likely to experience frequent GER symptoms during sleep independent of BMI. 8 In the only study to compare GER in OSA and non-OSA groups matched for age and BMI, Ing et al. 7 found that the OSA group had significantly more reflux events and greater acid contact time overnight than the non-OSA group. They reported a staggering mean number of reflux events overnight of more than 100, compared to the upper limit of 5 events during sleep in the present study. The reason for the inflated number of reflux events in Ing's study is unclear; however, our findings are in line with several other studies investigating reflux during sleep in OSA which have reported a mean number of GER events of approximately 1-10 events.
4,5,9,10 These previous studies suggest that OSA may play K Shepherd and W Orr. Sleep Apnea, Obesity and Reflux a role in the pathogenesis of GER. However, the findings of the present study do not support an independent role for AHI in the pathogenesis of GER since both the obese control and obese OSA groups had more reflux events than the non-obese OSA group for a given severity of OSA.
In an attempt to investigate potential mechanisms underlying any differences we observed in pH/impedance variables among the three groups, we conducted esophageal motility testing on all subjects. There was no difference in basal LES pressure between groups; however, LES length and intra-abdominal LES length were significantly greater in the obese OSA group than the obese control group. The difference between the obese OSA and non-obese OSA groups was not significant. The segment of the LES that is exposed to intra-abdominal pressure has been shown to be an important determinant of the competence of the LES in preventing GER. 26, 27 That the OSA groups had a greater intra-abdominal LES length suggests that OSA is associated with anatomical features which may be protective of GER. With regard to esophageal peristalsis, proximal peristaltic amplitude during liquid and viscous swallows was significantly higher in the obese OSA than the obese control group, however this was not significantly different from the non-obese OSA group. Given the lack of effect on esophageal function (bolus clearance) and given the absence of additional differences; the significance of this finding is not likely to be important. There were no differences in peristaltic amplitude or velocity between groups.
While esophageal motility has not been studied in OSA patients previously, several studies have compared esophageal and LES motility in obese vs. non-obese individuals. While one study reported that obese individuals have higher LES pressure, 28 several other studies report a negative relationship between BMI and LES pressure. 29, 30 The effects of obesity on esophageal peristaltic amplitude vary from no effect 29 to an increase in amplitude with increasing BMI. 28 Pandolfino et al.
31
demonstrated that the pressure morphology within and across the esophago-gastric junction is altered in obesity in a fashion that may augment flow of fluid into the esophagus. Additionally, they demonstrated that obesity was associated with increased axial separation between the crural diaphragm and the LES which may precipitate the development of hiatus hernia, a significant contributor to the occurrence of GER. These findings support our conclusion that obesity creates a greater risk for GER than OSA. The present study suggests that the increase in the number of reflux events in the obese OSA group is not explained by differences in LES function or esophageal motility. We do not, however, have information regarding rate of transient LES relaxation (TLESR, the primary mechanism underlying GER events) in these individuals during the postprandial period. It is possible that the underlying mechanism for the increase in GER events in the obese group lies with TLESRs. A previous study by Che Yuen et al. 32 investigated the rate of TLESR in normal, overweight, and obese individuals, and they reported a significant increase in postprandial TLESR in the overweight and obese groups compared to the normal group in a dose-dependent fashion. They suggested that this is due to an increase in intragastric pressure. They also reported no relationship between OSA and TLESRs and suggest that OSA may be an epiphenomenon in the relationship between obesity and GER disease. Although we do not have this comparison between groups, the lack of a difference in motility variables in our study and the increase in number of events in the obese OSA group and obese control group compared to non-obese OSA group supports this previous interpretation.
Limitations
We acknowledge there are several limitations to this study. First, while we endeavored to match the OSA groups according to AHI and while there was no significant difference between groups, the AHI was 20 events per hour greater in the obese OSA group. This is reflective of the strong relationship between BMI and the presence of OSA. Second, while we endeavored to match BMI between the obese groups, the OSA group had a significantly greater BMI than the obese control group, again reflective of the strong relationship between OSA and obesity. To address these limitations, all individuals were considered together and multivariate regression analysis was performed which supported BMI as the primary factor in predicting the occurrence of GER. Third, given the low numbers in the non-obese OSA group there is the possibility of a type II error; however, the majority of our statistical tests demonstrated adequate power. Finally, we do not have individuals with mild OSA, which may have been useful in determining additive effects of OSA and obesity on GER.
In conclusion, this study confirms an important role for obesity, rather than OSA per se in the relationship between OSA and GER. Furthermore, the increase in GER in individuals with OSA does not appear to be due to changes in esophageal or LES motility or function.
A BBRE V I ATI O NS
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